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Abstract

Marine euxinic sediments, particularly organic-rich black shales, are important sinks for oceanic molybdenum (Mo), and
the determination of Mo concentration and isotopic composition are used to constrain oxygenation state and specifically
expansion of marine anoxic and sulfidic (euxinic) waters in ancient oceans. The use of Mo as a paleo-redox tracer is based
on its distinct geochemical behavior in oxic and sulfidic environments. Mo removal from sulfidic waters starts with MoO4>
~ reacting with aqueous H,S to form particle reactive thiomolybdates, MoO,4_,S,>~, but the post-thiomolybdate steps and the
ultimate Mo host in euxinic sediments are not well understood. We used X-ray absorption fine structure (XAFS) spectroscopy
to determine the oxidation state and the molecular coordination environment of pristine, solid phase Mo in sediments from
permanently euxinic Lake Cadagno, Switzerland. Samples were taken from a 9-meter piston core representing the last ten
thousand years of deposition.

The euxinic lake sediments provide unequivocal evidence that the post-thiomolybdate steps along the burial pathway
involve Mo(VI) reduction to Mo(IV) before it is ultimately hosted in the sediments. Anoxic samples contain Mo(IV)-S com-
pounds that, when oxidized upon air-exposure, are transformed into Mo(VI)-O, thus confirming our results. This observation
is important to better understand the Mo burial pathway from oxic waters to euxinic sediments. Our results support a model
where post-thiomolybdate Mo"" reduction proceeds via reactions with zero-valent sulfur, S(0) (mainly Sg, Vorlicek et al.,
2004). In this model, Mo is scavenged from sulfidic waters as reactive Mo-polysulfide species, Mo(IV)O(S4)S*~ or
Mo(IV)S(S4)S>~, and not as thiomolybdate (MoOS5>~ or MoS,>”) as has been previously assumed. This result can have
important implications for how paleoenvironmental redox conditions are inferred from sedimentary Mo enrichments, Mo/
TOC ratios, and 6°*Mo, if the Mo accumulation rate is accelerated via the Sg-assisted pathway in settings where partial oxi-
dation of S is possible. For example, euxinic Mo/TOC ratios are predicted not only as a function of Mo concentration in
overlying seawater. Instead, the ratio will be higher in sediments deposited under highly sulfidic waters where Sg is also abun-
dant, such as in settings where the chemocline depth fluctuates considerably and/or oxygen intrusions occur to the overlying
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bottom waters. Partial oxidation of dissolved sulfide is an important step in polysulfide production. Finally, we conclude that
XAFS measurements are a powerful way to study the Mo burial pathway in sediments and enhance our ability to infer past

environmental conditions from the sedimentary record.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
1.1. The molybdenum redox proxy

Molybdenum (Mo) is a redox sensitive trace metal that
can provide information on Earth’s global ocean oxygena-
tion over geological time (Arnold et al., 2004; Wille et al.,
2007; Pearce et al., 2008; Scott et al., 2008; Dahl et al.,
2010b, 2011). Methods include both elemental and isotopic
measurements of geological records (mainly black shales),
and their predictive power lies with an understanding of
the chemical burial pathway from the ocean to the sedi-
ments. Here, we provide a first study of the Mo redox
chemistry in a highly sulfidic Swiss lake from which we
can infer governing reactions involved in the Mo enrich-
ment process that are likely to be broadly relevant.

In oxygenated waters, Mo shows a conservative behav-
ior with a long residence time of ~440-800 thousand years
in modern oceans (Morford and Emerson, 1999; Miller
et al., 2011). Mo is predicted to exist in its most oxidized
state as tetrahedrally coordinated molybdate anion,
Mo(VI)O4*~. In oxic waters, Mo adsorbs onto Fe/Mn-oxy-
hydroxides and can be preserved in lacustrine and marine
oxic sediments, ferromanganese crusts, and Mn nodules
(Shimmield and Price, 1986; Zheng et al., 2000; Chappaz
et al., 2008). In contrast, under anoxic/sulfidic conditions
Mo0O,>~ reacts with H,S to form thiomolybdates, MoQ,4_-
S,>” (Erickson and Helz, 2000). Mo is removed from nat-
ural sulfidic waters and porewaters (Emerson and Huested,
1991; Zheng et al., 2000; Morford et al., 2007). However,
the mechanistic processes involved in its ultimate sequestra-
tion into the sediments remain elusive. Particularly, the par-
ticle reactive Mo species have never been determined
directly, i.e., the dissolved Mo species that adsorb onto or
complex with particulate matter. Earlier workers suggested
that a reduction step from Mo(VI) to Mo(IV) was necessary
to fix Mo into sediments as MoS, (Francois, 1988; Emerson
and Huested, 1991; Calvert and Pedersen, 1993), but later
studies showed that MoS, is not the final Mo host in euxi-
nic sediments (Helz et al., 1996; Bostick et al., 2003; this
study). Mo scavenging from sulfidic water is more recently
argued to be associated with precipitation of iron sulfides
(Bostick et al., 2003; Helz et al., 2004, 2011; Vorlicek
et al.,, 2004) and/or organic matter (e.g., Tribovillard
et al., 2004; Algeo and Lyons, 2006). Recent advances in
Mo speciation analyses showed that Mo(V) forms in pore
fluids during anoxic incubation experiments under increas-
ing sulfide concentrations (Wang et al., 2011). Despite these
efforts, there is still no unified model for the steps governing
Mo removal and thus sediment enrichment in sulfidic
settings.

All current uses of Mo redox proxies (Mo, Mo/Al, Mo/
TOC, 6*Mo) are founded on Mo’s distinct geochemical

behavior in oxic vs. anoxic/sulfidic environments (Crusius
et al., 1996; Arnold et al., 2004; Algeo and Lyons, 2006)
without specific knowledge of Mo speciation (oxidation
state and coordination environment) and burial mecha-
nisms in sulfidic environments. These uncertainties may
limit the full potential of Mo as an indicator of past redox
conditions, particularly if additional factors beyond dis-
solved sulfide and molybdenum availability control the
enrichment process in some euxinic settings and/or induce
isotope fractionation between sediments and seawater (Helz
et al. 2011). Ultimately, better understanding of the enrich-
ment pathways may enhance the utility of the proxy. One
possibility is that Mo reduction is an important step in
the removal process, with zero-valent sulfur playing a crit-
ical role of donating electrons (Vorlicek et al., 2004). Here,
X-ray absorption fine-structure (XAFS) measurements
were used to study Mo oxidation state and bonding envi-
ronment in modern euxinic sediments. In a pioneering
study of Mo using XAFS, Helz et al. (1996) studied Mo
chemical structure in Phanerozoic black shales and con-
cluded that it is coordinated to both O and S with a mean
oxidation state between +4 and +6. They further suggested
that Fe was present in the molecular coordination environ-
ment surrounding each Mo atom. In the present study, this
approach is expanded by analyzing euxinic sediments
deposited over the last ~10,000 years to explore the Mo re-
dox state and molecular environment and how these change
over this time scale of diagenesis.

1.2. XAFS principles

XAFS is uniquely suited to studying the atomic- and
molecular-scale structure around chosen elements con-
tained within a liquid or solid material. The principle of
XAFS analysis can be summarized as follows. A given
atom absorbs an X-ray photon, and the energy of the X-
ray is transferred to a core-level electron (K shell for our
experiment), which is ejected from the atom. The emitted
‘photo-electron’ wave scatters from the atoms around the
X-ray absorbing atom, creating interferences. These quan-
tum interference effects cause an energy-dependent varia-
tion in the X-ray absorption probability, which is
proportional to the X-ray absorption coefficient. Modula-
tions of the absorption spectrum provide information
about the structure, oxidation state, neighboring atoms,
bond lengths, and coordination number. XAFS spectros-
copy consists of two complementary techniques (Fig. 1):
X-ray Absorption Near Edge Structure (XANES) and Ex-
tended X-ray Absorption Fine Structure (EXAFS). EX-
AFS provides information on interatomic distances,
coordination number, and type of nearest atoms to the
Mo atom, while XANES is sensitive to oxidation state, li-
gand type, presence of Mo=0 double bonds, and coordina-
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Fig. 1. XAFS Mo K-edge (20000 eV) spectrum of Mo(VI)O4>~. The XANES spectrum is subdivided into three regions. Pre-edge feature
(—50 eV to K-edge) appears because s — d transitions are formally forbidden by dipole selection rules, while s — p transitions are allowed. A
distinct pre-peak occurs with Mo=O0 double bonds typically associated with a high Mo oxidation state. The main absorption edge (Ex) is used
to infer mean oxidation state. In the post-edge of the XANES spectrum (from 10 to ~60 eV above K-edge) X-ray radiation absorbed by
multiple scattering resonances (MSR) with neighboring atoms provides useful information about neighbor type and arrangement (Bianconi,
1988, p. 609). The EXAFS region (from ~150 to ~900 eV above K-edge) and ab initio model fit elucidate the type and bond lengths to atoms

neighboring the Mo atom.

tion chemistry of the Mo atom (e.g., octahedral vs. tetrahe-
dral coordination). Several publications are available for
more detailed descriptions of the XAFS techniques, e.g.,
Rehr and Albers (2000) and Stern (1988).

2. METHODS
2.1. Site description

Lago di Cadagno is located at 1921 m altitude in the
southern part of central Switzerland (Fig. 2). The lake is
permanently stratified with oxic waters at <11 m depth
overlying anoxic and sulfidic (euxinic) waters up to 21 m
depth. The stratification is established by a density differ-
ence between heavy, solute-rich waters supplied through
cold, subaquatic springs into the deeper part of the lake
and river discharge of lower density fresh water into the
surface layer. The local bedrock consists of felsic gneiss,
dolomite, and gypsum. Sulfate delivered through sub-
aquatic springs (~7 mM) is used by sulfate reducing bacte-
ria to produce up to 300 uM hydrogen sulfide in the water
column (Del Don et al., 2001).

Molybdenum is supplied to the lake through both the
rivers and subaquatic springs in roughly equal proportions
(Dahl et al., 2010a). It enters as soluble Mo(VI)O4>~ and re-
acts in a series of steps with H,S to form thiomolybdates
(M0V104,xSx27) in the euxinic zone. Thermodynamic cal-
culations predict a geochemical switchpoint, [H»S,q]> 11 -
puM at which molybdate is no longer stable and
sulfidation proceeds towards tetrathiomolybdate (Erickson
and Helz, 2000). The post-thiomolybdate reactions are still
not known, but Mo is bound to particulate matter in the
sulfidic water column in Lake Cadagno and is delivered
to and buried in sediments via the settling particles (Dahl
et al., 2010a). Ultimately, this process yields strong Mo

Switzerland

® Ziirich

riverine inlet

Lago di Cadagno

riverine

Fig. 2. Geographical and bathymetric map of Lago di Cadagno in
Switzerland. The drill sites were located near the deepest part of the
lake (marked with °X’).

enrichment in the sediments (~130 ppm) relative to felsic
gneisses and carbonate rocks in the catchment area
(<1 ppm Mo). Similar Mo enrichment is characteristic of
all marine euxinic basins (Tribovillard et al., 2006; Lyons
et al., 2009; Scott and Lyons, 2012), and Lake Cadagno of-
fers a lacustrine complement where the Mo cycling and bur-
ial pathways from waters to sediments have been studied in
detail (Dahl et al., 2010a).
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2.2. Sampling: the ETH drilling project

Sediment samples were taken in September 2009 as part
of the FloodAlp drilling project led by A. Gilli from ETH-
Ziirich. Our samples come from two sediment cores taken
from the deepest part of the lake. One short gravity core
(SC) was collected from the uppermost 1 m to ensure undis-
turbed surface sediments, and one long core (CDP) was col-
lected using an UWITEC platform with a percussion
piston-coring system in nine 1-m segments totaling 9 m of
recovered sediment. The sediments were deposited during
the last 9800 years of the Holocene period, when the lake
arguably was stably stratified with anoxic and sulfidic bot-
tom waters (see Supplementary content for details). The
drill core contains ‘regular’ autochthonously produced
lacustrine sediments (RS) and event deposits, including
detrital flood deposits (FD) and allochthonous mass-move-
ment deposits (MMD) (Table 2, details in the Supplemen-
tary content). Regular sediments consist mainly of
bacterial remains and generally contain more Mo than both
flood and mass movement deposits that were transported
from the oxic zone (Wirth et al., 2012). Therefore, we prior-
itized the Mo-rich samples to place the focus on euxinic
processes. The drill cores were brought into the lab at the
field station, opened, and subsampled at 10 cm resolution
and transferred into 50 ml Falcon tubes. The headspace
of each tube was purged with N, to minimize oxidation,
and the tubes were subsequently frozen with dry ice. When
the samples arrived at Harvard University one week later,
there was no evidence of oxidation (rust), and samples were
thawed in an anaerobic glovebox with 95% N, and 5% H,.

2.3. X-ray absorption fine structure (XAFS) experiments

For Mo speciation analysis, XAFS sample holders were
prepared from a 2mm thick Teflon plate by cutting
rounded holes as sample slots. Windows were made from
thin, X-ray transparent Lexan™ plastic and sealed with
Kapton™ tape. Samples were thawed and subsampled by
first mixing the mud with a spatula and then transferring
it into each sample slot. To minimize oxidation, samples
were handled anaerobically at all times. Samples were dried
with Kimwipes and eventually transported in an anaerobic
jar (AnaeroPack) to the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratories and
to Stanford Synchrotron Radiation Light source (SSRL)
at SLAC National Accelerator Laboratory, USA. O, diffu-
sion into the sample could only have occurred during the
~3 hours of analysis through the windows, but the presence
of other reduced compounds in the samples (e.g., Fe**, $77)
added reducing power to the sediment and would have sig-
nificantly slowed down oxidation of the Mo compound(s)
in the samples.

X-ray absorption spectroscopy (XAFS) measurements
were made at beamlines X11-A and 4-1 at the NSLS and
SSRL, respectively. We used the Si(311) and Si(220) dou-
ble crystal monochromators in conjunction with harmonic
rejection mirrors at NSLS and SSRL, respectively. Fluores-
cent X-rays were measured using a Canberra multi-channel
13 element Ge detector. We detuned the incident beam

intensity by ~20% to reject higher-order harmonic frequen-
cies. Some of the spectra analyzed at SSRL were collected
with a Zr metal foil to attenuate scattering.

We processed and analyzed all the data using the Athena
and Artemis software packages (Ravel and Newville, 2005).
Energy calibration was maintained by simultaneous mea-
surements of a Mo(0) foil in transmission mode as an inter-
nal standard. The first three peaks in the first derivative
spectra of the Mo(0) foil were assigned 20000.0, 20010.5,
and 20024.0 eV (Wichard et al., 2009). These assignments
set the absolute energy scale for all characteristic spectral
features. We collected all spectra with energy and wave
number resolution prior to the edge (19600-19960 eV);
across the K-edge (19960-20050eV); and throughout in
the EXAFS region at 5eV, 1eV, and 0.05 A~! At least
four spectra per sample were merged to improve signal-
to-noise ratio and also to enhance energy resolution (e.g.,
better than 1 eV across the K-edge). Usable spectra were
collected for 2-mm-thick samples with >16 ppm Mo, but
more statistically robust results required samples with
>120 ppm Mo. There were no signs of beam damage or
photo-oxidation between consecutive spectral
measurements.

For data interpretation, collected spectra for tetravalent
Mo standards (Mo(IV)Ox and Mo(IV) Sy)) and hexava-
lent standards (Mo(VI)Os), Mo(VI)Of’(l), and
Mo(VI)S42_(1)) were used as reference compounds (Table 1
and S1). All reagents, except MoS,>~ (Strem Inc.), were
purchased from Sigma-Aldrich and measured without fur-
ther processing other than dilution with boron nitride for
solid standards. Published data for other Mo references
compounds were used (e.g., Mo(V)-cysteine; Wichard
et al., 2009) to support our data analysis.

2.3.1. EXAFS

We processed the extended X-ray absorption fine struc-
ture (EXAFS) data by subtracting background absorption
using a smooth spline fit and averaging the spectra with
Athena Software (Ravel and Newville, 2005). The EXAFS
equation for energy absorption is expressed as a series of
harmonic functions of wavenumber, &, which is directly re-
lated to absorption energy by E = E, + hk*/4nm,. Here, m,
and / are the mass of the electron and Planck’s constant,
respectively.

The EXAFS equation is a follows:

1(k) = Y iAGN: - [f(K)| / (kRT) - exp[~2Ri/A(k)]

-exp[—2k’6}] - sin2kR; + ;). (1)

The fitting parameters in the expression for y(k) (high-
lighted in bold) are coordination number (IN;) of each atom
of type i; total amplitude of the photon energy (Ay); the dis-
tance of the ith atom to the scattering Mo atom (R;, subse-
quently referred to as bond length); and its mean-square
deviation in R; known as the Debye-Waller factor (o;)
(Rehr and Albers, 2000). In this fitting process, the zero
point of the energy scale, Ey was allowed to vary. The rest
of the parameters are calculated theoretically in Artemis
using FEFF8 code for calculations of atomic scattering
amplitudes, including the effective scattering amplitude of
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Table 1

Interatomic distances (equivalent to bond lengths) in reference compounds analyzed in this study derived from EXAFS modeling using the
Artemis Software package (Ravel and Newville, 2005). Published values are shown for comparison, and the R-factor is used as a performance
index with lower values representing better model fits (here fitted in R-space with &° weighing within the common range 1.4-4 A, keeping the

ligand numbers (n) fixed).

Standard Mo-O Mo-S Mo-Mo Reference
n r(A) o’ n r(A) o’ n r (A) o’ This study, R-factor
Mo 0,
4 1.959 2 2.790 Ressler (2000)
2 2.062 8 3.709
6 2.07 £ 0.04 0.019 2 2.65+£0.03 0.006 This study, R =0.23
8 3.82+0.03 0.011
MOIVSQ
6 2.42 6 3.16 Cramer et al. (1984)
6 2.41+0.01 0.006 6 3.20 +0.01 0.008 This study, R =0.01
Mo V103
1 1.671 2 3.438 Ressler (2000)
1 1.735 2 3.696
2 1.948 2 3.963
1 2.251
1 2.332
2 1.71 £0.05 0.003 2 3.34+0.04 0.003 This study, R=0.10
2 1.97 +0.05 0.003 2 3.77 £ 0.05 0.003
2 2.28 +£0.05 0.003 2 4.03 +0.06 0.003
Mo V104(2—)
4 1.78 0.003 Bostick et al. (2003)
4 1.78 £ 0.01 0.003 This study, R =0.02
MoV1s, )

4 2.20

4 2.18£0.01

0.005 Bostick et al. (2003)
0.005 This study, R =0.03

the backscattering X-ray photons |f{k)|, which depends on
type and number of neighboring atoms, the effective scat-
tering phase functions ¢, and the mean free path, A(k).
First shell fits were established using Mo-S and Mo-O
single scattering paths with phase and amplitude functions
calibrated against reference materials for which the coordi-
nation environment has been described previously as
Mo(IV)O, (Ressler, 2002), Mo(VI)O; (Ressler, 2000,
2002), Mo(IV)S, (Dickinson and Pauling, 1923),
Mo(VI)O,>~, and Mo(VD)S,>~ (Lapasset et al., 1976).
Acceptable model fits satisfied three criteria. First, the glo-
bal amplitude term, Ao, was allowed to float between 0.7
and 1.1 but was fixed at the same value for all individual
shells. Second, Debye-Waller terms, o2, were allowed to
float but were constrained within a range of 0.003-
0.020 A2 for all shells, consistent with model compound fits.
Third, the energy shift was no bigger than |Eg| < 10eV.
Also, the bond length was allowed to vary, but model
parameters were iteratively recalculated if the estimated dis-
tance to the excited Mo atom greatly exceeded the initial
guess (or known value in the case of our reference materi-
als): AR=|R — Rexpected| <0.5 A. The best model fit was
chosen among acceptable fits based on the model run with
lowest R-factor (best goodness of fit), and third shell atoms
were only added if they improved the goodness of fit. To
discard other possibilities, scattering from other atoms
was fitted using Mo-O, Mo-S, Mo-Mo, Mo-Fe, and
Mo-C scattering paths (see Table S2 in Supplementary con-

tent). Finally, the contributions of multiple scattering paths
were evaluated (for SC3-X and CDP70-X), but did not con-
tribute significantly to the spectra and therefore were omit-
ted in the final fits (see Table S3 for details in the
Supplementary content).

The fitting procedure was performed step-wise with sim-
ple models applied first, one atomic shell at a time. Our re-
sults show that the model fits did well at reproducing
known bond lengths (R;), type of atom, and coordination
number (V) (Table 1). We used the goodness of fits ob-
tained for known reference materials to guide our choice
of preferred models. The y(k) function was Fourier trans-
formed using k> weighting to perform model fits both on
the raw absorption spectrum (k-space) and on Fourier
transformed data (R-space). The fitting domain was chosen
to the maximal range (k = 3-9 ;‘fl; R=144 A), that is,
where all spectra were well defined to ensure that the per-
formance index (R-factor) could be compared. Applying
both fitting procedures to our reference materials and keep-
ing the number of ligands fixed at known values, our shell-
by-shell modeling procedure accurately determines atomic
distances for first and second neighboring atoms (O and
S) and gives slightly offset results (<0.10 A) for third shell
Mo-Mo distance in MoO, or MoOj;. Both fitting proce-
dures yielded consistent results, but R-space fitting yielded
better performance index (i.e., Rz < Ry) and gave more pre-
cise atomic distances. The goodness of fit (in R-space) for
reference materials is better than Rz < 0.23 Table 1. There-
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Table 2

Fitting results for euxinic sediment samples: interatomic distances (e.g. bond lengths) in anoxic sediment samples were obtained using a
hypothetical three shells model with Mo-O, Mo-S and Mo-Fe bonds. Multiple scattering paths did not improve the fits and have been
ignored. All model fits, except the most dilute sample (CDP20-X, 16 ppm Mo), yield better goodness of fit than obtained using the same for
reference materials (Table 1) using the shell-by-shell fitting approach in R-space. The models yield consistent results when fitted in k-space,
although several samples (marked with an asterisk) yield a lower or comparable goodness of fit (R;) than reference materials. Structures with

three of less Mo ligands have been ignored.

Sample Depth! (cm) Age? (yr) [Mo] (ppm) Group Mo-O Mo-S Mo-Fe Goodness
nor (A) o’ nr (A) o> nor (A) o’ Rp-factor
SC1. X 0-3 0 179 Type S 4 226+0.02 0.010 1 2.7240.03 0.003 0.14"
SC3_X 7-11 35 155 Type S 4 2324£0.03 0013 1 2.72+£0.03 0.003 0.04
SC5 X 15-19 143 120 Type OS 2 1.734+0.03 0.003 2 2.31+0.04 0.003 1 2.73+0.06 0.003 0.09
CDP6_X 93-103 726 190 Type OS 2 1.734+0.03 0.006 2 2.36£0.03 0.003 1 2.77+0.04 0.003 0.08
CDP9 X 124-134 1173 88 Type S 4 224+0.06 0.006 1 2.71+0.12 0.003 0.24"
CDP20_X 236-246 2005 16 Type OS 1 1.69+0.17 0.003 3 2.29+£0.09 0.006 0.29"
CDP30_X 365-375 3374 38 Type OS 2 1.744+0.03 0.005 2 2.36 +0.03 0.005 0.17"
CDP70_X 782-792 6875 197 Type S 4 2334£0.03 0.007 1 2.73+£0.05 0.003 0.03
CDP80_X 884-894 9279 140 Type S 4 2.3840.03 0.008 0.13"

! Sample depths represent 4 cm and 10 cm stratigraphic intervals in the short core (SC) and long core (CDP), respectively.
2 Ages were determined from eight evenly distributed '“C dated levels in the drill core and interpolated using an age-model that compensates

for turbiditic mass-movements (Wirth et al., in preparation).

fore, we adopt this threshold as quality control to deter-
mine which models were accepted for our samples.

For example, MoS,>~ was accurately fitted to a model
with four S atoms in one shell at 2.18 + 0.01 A atomic dis-
tance, yielding an R-factor of 0.03 (goodness of fit), which is
indistinguishable from previous EXAFS analysis at
2.20+0.03 A (Bostick et al., 2003). These EXAFS results
also fit bond lengths obtained using crystallographic tech-
niques with four sulfur atoms sitting at 2.171 £ 0.005
(n=1), 217740005 (n=2), and 2.186+0.006 A
(n=1) (Lapasset et al., 1976). The same procedure was suc-
cessfully applied for Mo—O bonds in MoO, to yield precise
(but less accurate, +0.10 A) Mo-Mo atomic distances man-
ifested with a lower goodness of fit, R-factor = 0.23. Even
greater offsets in atomic distance often failed to fit the spec-
tra and always gave significantly worse R-factors. For
example, a one-shell model cannot fit the five distinct
Mo-O shells in MoOj3 at atomic distances ranging from
1.67 to 2.33 A, and our step-wise approach yielded accept-
able fits only when three Mo shells were included in the
model. Therefore, we used the R-factor as a statistical mea-
sure to determine when a model successfully identifies the
type of neighboring atoms and the inter-atomic distances
at the level of accuracy defined by our reference materials.
Our interpretation of the Mo molecular structure in the
lacustrine mud samples is therefore founded on models with
R-factors better than those obtained for the reference
materials.

2.3.2. XANES

Signal analysis of the XANES spectra was performed in
MatLab®. A cubic smoothing spline, y(E), was fitted to the
data and used to determined the first and second derivative
spectra. This approach allowed us to smooth the noise and
define a rigorous procedure for the identification of peaks
and inflection points in the XANES spectra. The smoothing
function contains one free parameter, p, which determines
the relative weight placed on the contradictory demands
of having spectra y smooth (p =0) vs. having y close to

the data (p = 1). For values of p between 0.2 and 0.9, the
derived oxidation states were similar for all samples, except
in two cases with relatively low Mo concentrations
(Mo = 16-38 ppm).

The reference materials show consistent correlations be-
tween oxidation state and K-edge, with higher Ex for higher
oxidation states (edges are defined in the caption of Fig. 4).
Further, there is a systematic shift in maximum peak posi-
tion (E,,), with greater energy difference for Mo-S com-
pounds than for Mo-O. This relationship is explored
further in Section 3.2, and it shows how Ex and Ej;; in
the XANES region can be used to determine ligand type
and to select the correct calibration curve for determina-
tions of the oxidation state.

An oxidation test of the samples was performed to con-
firm the presence of initially reduced Mo compounds in our
samples. If Mo is present at a low oxidation state (IV or V),
then oxidation should result in a positive shift of the K-edge
in the XANES spectrum (Table 3). A few samples were cho-
sen for this analysis and oxidized in either one or two steps.
As a first oxidation step, anoxic sediments (e.g., sample
CDP9-X) were exposed to air and dried in an oven at
70 °C over night (defined as CDP9-Y). In the second step,
the samples were ashed at 700 °C to combust organic mat-
ter in an O,-rich atmosphere (renamed as CDP9-Z).

Linear combination fitting was applied to determine the
Mo species and quantities of known materials in the (per-
haps heterogeneous) samples. However, this approach is
feasible only if XAFS spectra of the constituent(s) in the
sample exist in our database. Therefore, each observed
spectra were fitted separately to a linear combination of
known end-member spectra in XANES region (formulated
in terms of derivative XANES spectra defined at —30 to
150 eV around the K-edge) and the EXAFS region (EXAFS
spectra in the k-range from 3 to 9 Afl). If the two fits did
not converge on the same quantities of end-member constit-
uents in the two spectral regions (within a few%), then at
least one additional (unknown) Mo-compound must be
present in the sample, and we rejected the estimated propor-
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XANES peaks identified using Matlab. The spectra were smoothed using a cubic spline fit with one free parameter (p) that determines the
relative importance of having the curve smooth (p — 0) vs. having the curve close to observed data (p = 1). The peaks are determined where
the first derivative equals zero. Edges are defined at the steepest ascend and were determined at the maximum peaks of the first derivative

spectrum.
Sample p Pre-edge Pre-peak Ex Ey Ey—Ex
Smoothing factor Inflection Peak (eV) (eV) (eV)
Reference materials
Mo-foil 0.0 16.0 16.0
Mo(V)-cys (Wichard et al., 2009) 5.0 15.0 36.0 21.0
MoO, 0.2 - - 11.9 24.0 12.1
MoO; 0.8 2.7 6.1 14.4 26.2 11.9
MoO4>~ (liquid) 0.8 2.7 5.2 16.8 42.7 25.9
MoS,>~ (liquid) 0.5 1.3 - 10.1 455 35.4
MoS, 0.8 - - 6.1 30.1 24.0
Anoxic Type S
SC1-X 0.5 - - 7.0 34.8 27.8
SC3-X 0.5 - - 6.3 30.9 24.5
CDP9-X 0.5 - - 7.6 31.7 24.0
CDP70-X 0.5 - - 6.6 314 24.8
CDP80-X 0.5 - - 6.6 34.1 27.6
Anoxic Type OS
CDP20-X 0.2 3.7 - 6.1 36.0 29.9
SC5-X 0.50 1.8 - 16.9 36.5 19.6
CDP6-X 0.40 1.1 - 15.3 36.2 20.9
CDP30-X 0.2 1.7 - 9.8 33.8 24.0
Oxidized
SCs-Z 0.5 1.5 4.8 15.7 394 23.7
CDP6-Y 0.5 23 7.6 15.7 373 21.6
CDP9-Y 0.5 0.9 4.7 15.3 422 26.9
CDP9-Z 0.5 1.9 6.8 15.4 46.6 31.2
CDP30-Z 0.5 1.1 4.3 15.6 41.9 26.4
CDP80-Z 0.5 1.3 49 15.2 40.5 253

tions. Conversely, if a sample spectrum can be written in
terms of the same linear combination (same quantities) of
known spectra from our database in the two distinct parts
of the XAFS spectrum, then we assumed the sample con-
tains the given Mo compounds.

3. RESULTS
3.1. Mo EXAFS of the euxinic sediments

The EXAFS spectra of our samples show two distinct
spectral types (Fig. 3). These two spectra are easily identi-
fied from the Fourier transforms of the EXAFS spectra
where either a dominant mode is found for “Type S” or
two dominant modes are observed for “Type OS”. EXAFS
model fits show that these modes reflect Mo compounds
with either (1) exclusively Mo-S bonds or (2) a mixture of
Mo-O and Mo-S bonds in Type S and Type OS,
respectively.

In both spectral types, the Mo-S bond lengths range
from 2.24 to 2.38 A (Table 2). This range is significantly
longer than the bond length for hexavalent Mo(VI)S>~
(2.18 £ 0.01 A) and shorter than for tetravalent Mo(IV)S,
(2.41 +0.01 A); note that higher atomic charge pulls the
neighboring atoms closer. In contrast, the Mo—-O bonds
in Type OS sediments are found at 1.69-1.74 A, which

are distinctly shorter than the Mo-O bonds in tetravalent
Mo(IV)O, at 2.0 A but compare well with terminal Mo=0
in hexavalent compounds Mo(VI)O,*~ and Mo(VI)O; at
1.78 and 1.75 A (Table S1), respectively. From this, we con-
clude that both types of samples contain bridging Mo-S li-
gands, and there are terminal Mo=O bonds in Type OS
samples (Table S1, Fig. 7).

Under ideal circumstances, the XAFS technique can
provide information about atoms well beyond the first
Mo-S shell. The fitting results are marginally improved
by adding either Mo or Fe in the second or third shell at
2.99-3.00 A (Table S2) and 2.71-2.77 A, respectively. The
presence of Mo in the third shell is rejected because the pre-
dicted Mo-Mo distance is unrealistically long when com-
pared to known Mo dimer compounds bridged through S
at 2.72-2.94 A (Table S1). The obtained Mo-S and Mo—
Fe interatomic distances are most similar to those for
MoFe proteins Avl and Cpl in nitrogen fixing bacteria Azo-
tobacter vinelandii and Clostridium pasteurianum measured
with EXAFS at 2.35-2.39 and 2.69-2.70 A, respectively
(Cramer et al., 1978; Chen et al., 1993). Given the limited
number of Mo-S compounds in the EXAFS database
(Table S1), this comparison is probably more illustrative
than definitive; for example, the chemical properties of
the Mo-S compounds in natural euxinic environments are
entirely unexplored.
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model.

Five of our nine samples display a Type S spectrum and
reveal that Mo is exclusively coordinated to four sulfur
atoms (Table 2). In Type OS samples, Mo is coordinated
to one or two oxygen atoms and two or three sulfur atoms.
The Mo-S compounds are found both in the most recent
sediments in Cadagno at <0.3 m depth in core and in the
early Holocene (deepest) samples from 7 to 9m depth
(~9 kyrs old). All Type S samples are extremely enriched
in Mo (>120 ppm, see Table 2), and two Type OS samples
are highly enriched (120-190 ppm), while two samples with
‘Type OS-like’ spectra display much lower Mo concentra-
tions (16-38 ppm).

3.2. Mo XANES of the euxinic sediments

The XANES region of the spectrum contains unique
information about the oxidation state. The mean Mo oxi-
dation state in a natural sample was derived from the Mo
K-edge position (Eg) by comparison to the linear correla-
tion observed for reference materials. Specifically, there
are excellent linear relationships between Ex and Mo oxida-
tion state. Reference compounds are used to generate a cal-
ibration curve from which oxidation states of the samples
are calculated (see statistics in the caption of Table 4).

The position of the K-edge (Fig. 4) also depends on the
electronegativity of the ligands, so that higher Ex values are
seen for the Mo-O compounds compared to the Mo-S
compounds. Fortunately, Mo-O and Mo-S bonding envi-
ronments can be distinguished from the EXAFS spectrum

to optimize the choice of calibration curve. Here, we further
suggest that standard-reference matching can be performed
using the XANES spectrum alone (i.e., independent of EX-
AFS) and propose that the position of the maximum peak
(E ) in the post-edge region is a diagnostic feature for dis-
tinguishing Mo-O from Mo-S coordination environments
(Fig. 5).

Together, the two spectral features in the XANES re-
gion, Ex and E,,, allow for an operational distinction of li-
gand type (Table 3), since Mo-S compounds display a
much larger maximum peak displacement (E,Ex) than
do Mo-O compounds (Fig. 5). The shorter Mo-O bonds
(1.7-2.0 A) fall on a linear trend at higher Ex and with a
distinctly smaller energy difference from edge to maximum
absorption compared to Mo-S compounds, which have
longer bond lengths (2.2-2.4 A). The maximum absorbance
peak falls in the part of the XANES spectrum associated
with multiple scattering resonances, so that £, position is
interpreted to reflect the immediate coordination environ-
ment. The correlation in Fig. 5 is observed for both refer-
ence materials, for which the molecular structure is
known, and for natural samples where the coordination
environment is determined from the EXAFS spectrum.

Fig. 5 shows that Mo compounds with higher atomic
charge (oxidation state) display higher Ex (and energy shift
[Ear — Ek]). The Mo(IV)-S and Mo(VI)-S reference com-
pounds display K-edges at 20006.1 and 20010.1 eV, respec-
tively. The Mo(IV)-O, Mo(V)-O, and Mo(VI)-O reference
compounds have K-edges at 20011.9, 20015.0, and
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Table 4

Oxidation state estimates for anoxic sediment and after an oxidation treatment. The mean oxidation state is obtained in two ways from two
distinct calibration curves. We use the EXAFS result to determine whether Mo—O or Mo-S calibration curve is applicable. The calibration
curves for Mo—-O and Mo-S compounds were based on MoY'0,%, Mov-cysteine, MoV 0, and Mo"S,, MoVY's,?", respectively. Oxidation
states (¢q) estimates were obtained from the Ex spectral feature while E,, feature was used as a quality-check to assure that we are matching
standards with similar coordination geometry. We applied linear relationships ¢; = aE; + b with Pearson correlation coefficient, R, and
observed a consistent slope for both the Mo-O and Mo-S array. For Ex the calibration curve (a, b, R) was given by (0.42, —1.06, 0.98) and
(0.40, —1.77, 1.00) for Mo-O and Mo-S, respectively. For E,, the calibration curve was given by (0.10, 1.52, 0.99) and (0.13, 0.16, 1.00),

respectively. Bold values do not meet quality criteria.

Sample Spectral type Treatment Depth (cm) Age (yr) [Mo] (ppm) Calibration array Smoothing Average Mo oxidation state
r Using E;; Using Ex Mean + 1sd

SCI_X S Anoxic -1 0 179 Mo-S 0.5 4.6 4.5 4.54+0.1
SC3_ X S Anoxic 15 35 155 Mo-S 0.5 4.1 4.1 4.14+0.0
SC5_ X oS Anoxic 35 143 120 Mo-O 0.5 5.2 5.8 554+04
CDP6_X OS Anoxic 93 726 190 Mo-O 0.4 5.2 5.4 5.3+0.1
CDP9_ X S Anoxic 124 1173 88 Mo-S 0.5 4.2 4.8 45404
CDP20_X OS Anoxic 236 2005 16 Mo-O 0.2 5.2 2.7 39+18
CDP30_X OS Anoxic 365 3374 38 Mo-O 0.5 4.9 3.0 4014
CDP70_X S Anoxic 782 6875 197 Mo-S 0.5 4.2 4.3 42+0.1
CDP80_X S Anoxic 884 9279 140 Mo-S 0.5 4.5 4.2 44402
Oxidized samples

SC5-Z was OS 0, +700°C 15 120 Mo-O 0.5 5.5 5.5 55+0.0
CDP6-Y was OS 0,+70°C 93 190 Mo-O 0.5 5.3 5.5 5440.1
CDP9-Y was S O, +70°C 124 88 Mo-O 0.5 5.8 5.4 5.6+0.3
CDP9-Z was S 0, +700°C 124 88 Mo-O 0.5 5.5 5.4 5440.1
CDP30-Z was OS 0, + 700 °C 365 38 Mo-O 0.5 5.8 5.4 5.6+0.2
CDP80-Z was S 0, + 700 °C 884 140 Mo-O 0.5 5.7 5.3 5540.2

20016.8 eV, respectively. The highly distorted octahedral
lattice of MoQs falls outside the array given by the rest of
the Mo-O compounds and might constitute a separate
Mo-O array with MoO, (Ressler, 2000). Likely, the energy
shift depends on the multiple scattering resonances and the
geometry of the compounds. Nevertheless, the two spectral
features provide a fingerprint that readily distinguishes
Mo-O from Mo-S bonding environments. This XANES
fingerprint is used to confirm that the Mo oxidation state
is determined using the calibration curve (Ex vs. oxidation
state) established from compounds with similar coordina-
tion environment (Table 4).

The mean Mo oxidation state of our samples falls in two
distinct groups that coincide with each EXAFS spectral
type. Type S (Mo-S) samples range from 4.1 to 4.5, whereas
Type OS compounds with high Mo content (SC5-X and
CDP6-X) display a significantly higher mean oxidation
state at 5.3-5.5 (Table 4). All Type S compounds have a cal-
culated mean oxidation state of 4.3 within 40.2 units (1
standard deviation of the mean; see caption of Table 4).
Two Type OS samples with low Mo concentration
(CDP20-X and CDP30-X) contain EXAFS spectral fea-
tures that indicate oxygen in the first shell and yet fall out-
side the Mo-O array of oxidation states. These two samples
also show spectra that fall considerably off the linear trend
between Ej; and Ey defined by the other samples. This off-
set would be expected for samples with different coordina-
tion chemistry and artificial features associated with low
signal/noise ratio (Fig. 4). Hence, we can use the E;; vs.
Ex characterization in Fig. 5 as a quality control and

choose calibration standards with similar geometry for a
reliable determination of oxidation state.

None of the Type S samples display a pre-peak or a pre-
edge inflection. This characteristic is shared with known tet-
ravalent Mo compounds (Mo(IV)O, and Mo(IV)S,) and is
thus a similarity between Type S compound(s) and molyb-
denite. However, Type S compounds are otherwise distinct
from tetravalent MoS, in the edge and post-edge regions of
the XANES spectra, in that Egx and E,; are at distinctly
higher energies and, thus, the average Mo oxidation state
in the samples is slightly higher than four. Type OS com-
pounds display a pre-edge inflection but not a genuine
pre-peak. Distinct pre-edge inflections in the XANES re-
gion are observed in compounds with higher Mo oxidation
states at +6 and +5 (Mo(VI)S4s*~, Mo(VI)0,>~, and
Mo(VI)O;; e.g., this study and Mo(V)-cysteine and
Mo(V)-azotochelin (Wichard et al., 2009), while strong
pre-peaks are associated with Mo=0 (e.g., Mo(VI)0,>")).

3.3. Oxidation experiments with reduced Mo compounds

Oxidation experiments were performed to confirm the
presence of reduced Mo in both types of samples. As sedi-
ment samples were exposed to the oxic atmosphere and left
in an oven overnight at 70 °C, both Ex and E;; were dra-
matically shifted to higher values. Oxidized Mo-S samples
plot within the Mo-O array in Fig. 5, and their EXAFS
spectra confirm that most sulfur bonds have been broken
and replaced with Mo-O ligands (Table 5, discussed further
below). Oxidized sediments display significantly higher oxi-
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dation state estimates with little variation among samples,
at 5.5+ 0.1, both for ex-Type S and ex-Type OS samples
(Table 4). Even the two samples with low Mo content, once
oxidized, fall in the Mo-O array in Fig. 5. Upon ashing and
further oxidation, the edge positions did not move any fur-
ther. Hence, there is no evidence of further oxidation upon
combustion at 700 °C.

Upon oxidation, both Type S and Type OS sediments
developed the ‘oxo-edge’ (pre-edge) features characteristic
of terminal Mo=O bonds. More pronounced pre-peaks
were seen after the samples were ashed at 700 °C (Fig. 6).
Mo-O bond lengths in oxidized samples (Table 5) at
1.74-1.78 A compare well with the double bonds in hexava-

lent molybdate at 1.78 A, and they are distinctly shorter
than both tetravalent Mo(IV)O, at 2.0 A and pentavalent
single bonded Mo-cysteine at 1.93 A (Knox and Prout,
1969) (Fig. 7; Table S1). The ashed samples display more
pronounced pre-peaks in the XANES spectrum compared
to the oxidized dry samples, suggesting more terminal
Mo=0 bonds in the ashed samples.

3.4. Linear component analysis
The observed sensitivity to air (oxidation) raises the con-

cern of whether or not our samples could have suffered
from oxidation during sampling, handling, or analysis. To
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Table 5

Simple two or three shells EXAFS model fits to euxinic mud samples subject to heating and oxidation. Interatomic distances (e.g. bond
lengths) in the sediment samples were obtained using a hypothetical one, two or three shells model with Mgfo, Mo-S, and Mo-Fe bonds.
Further details in Table 2. The models yield consistent results when fitted in k-space, although CDP9-Y () yields a lower or comparable
goodness of fit (Ry) than our model fits to the reference materials (marked).

Sample  Treatment Depth Type prior to [Mo] Mo-O Mo-S Mo-Fe R-
(cm) (cm) treatment (ppm) factor
nr (A) @ nr (A) > nr (A) o?

SC5. Z 700°C 15-19 (ON 120 4 1.77 £ 0.01 0.003 12.94 £0.02 0.003 0.17
CDP6_Y 70°C 93-103 oS 190 3 1.77+£0.02 0.006 1 2.39 +0.04 0.003 1 2.92 + 0.04 0.003 0.07
CDP6_Z 700 °C 93-103 oS 190 4 1.77 £ 0.04 0.003 12.95+0.07 0.006 0.13
CDP9_Y 70°C 124-134 S 88 3 1.74 4£0.04 0.003 1 2.37 4+ 0.07 0.008 1 2.96 +0.19 0.019 0.17"
CDP9_Z 700 °C 124-134 S 88 4 1.77 £ 0.06 0.003 1 2.85+0.05 0.003 0.27
CDP30_Z 700 °C 365-375 OS 38 4 1.77 £ 0.03 0.003 1291 +£0.050.003 0.19
CDP80_Z 700 °C 884-894 S 140 4 1.78 £ 0.04 0.003 0.18

test this possibility, Type OS spectra were compared to the
oxidized Type S spectra. Type OS spectra show a nice linear
combination of the anoxic Type S (CDP9-X) spectrum and
the oxidized Type S spectrum (CDP9-Y) in roughly equal
proportions (Table 6), whereas Type S spectra contain only
15-20% of the oxidized Mo species. This could reflect differ-
ent degrees of partial oxidation. The same proportions were
found when fitting the XANES and EXAFS regions sepa-
rately (Table 6). Hence, Type OS spectra match the ex-
pected spectra of a partially oxidized Type S sample. This
pattern may reflect either Mo oxidation after the drill core
was recovered (e.g., at the beamline) or formation of a Type
OS (Mo-0O-S) compound in the lake via a novel chemical
pathway.

By linear combination fitting, we tested whether any of
the reference materials were principal components of the
samples. For Type S samples, only Mo(IV)S, is a likely can-
didate; tetrathiomolybdate does not constitute a significant
component in the observed spectra, since the two spectral

regions give inconsistent fitting results (Table 6). To explore
post-depositional molybdenite formation further, we also
fitted the deeper sediment samples to linear combinations
of the MoS, reference and the sample from the sediment-
water interface (SC1-X). Again, the two spectral regions
give inconsistent results (Table 6), which tells us that either
MoS, or the Mo compound(s) in SC1-X are not principal
components in samples from greater depth, — or that nei-
ther is important. In any case, the natural samples contain
an additional major Mo component distinct from MoS,.

4. DISCUSSION
4.1. Mo oxidation state and coordination environment

Our XAFS analysis at the Mo K-edge elucidates the
molecular structure around Mo in euxinic sediments from
Lake Cadagno. Our results suggest that we have discovered
a reduced Mo-S species distinct from previous studies in
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Table 6

225

Linear combination fitting results showing the proportion of oxidized type S Mo-compounds in type OS samples and the proportion of
additional MoS; at depth relative to the sample at the sediment-water interface. Results are compared for fitting XANES derivative, deriv(E),
and EXAFS regions, chi(k), separately to provide a validity check. The weights positive values forced to sum 1. Invalid linear combinations
are marked with bold representing fits that either fail completely or give distinct results in the two spectral regions (n.a. = not assessed with

Artemis).
Sample Spectral type Depth (cm) Mo XANES derivative EXAFS
(ppm) —30eV to +150 eV (%) 3.0-9.0 A7 (%)
Proportion of oxidized type 1, CDP9-Y (with complimentary CDP9-X)
CDP6-X Type OS 15-19 190 60 +4 65+3
SC5-X Type OS 35-39 120 58+3 66+ 4
CDP20-X Type OS 236 16 44+6 48 +6
CDP30-X Type OS 365 38 58+4 63+4
SC3-X Type S 15-19 155 17+4 19+4
CDP70-X Type S 782-792 197 15+4 20+ 4
CDP80-X Type S 884-894 140 32+4 2+5
Proportion of molybdenite, MoS, (with complimentary SCI-X)
SC3-X Type S 15-19 155 375 20 * n.a.
SC5-X Type OS 35 120 Does not fit 32
CDP6-X Type OS 93 190 Does not fit 29
CDP9-X Type S 124 88 29+8 2 * n.a.
CDP20-X Type OS 236 16 Does not fit 11 * n.a.
CDP30-X Type OS 365 38 Does not fit 31 £ n.a.
CDP70-X Type S 782-792 197 495 36 £ n.a.
CDP80-X Type S 884-894 140 226 35+ na.

ancient black shales. The average Mo oxidation state within
sediments (Type S) is estimated at 4.3 +0.2 (1 SD, preci-
sion), and Mo is exclusively coordinated to S at bond
lengths of 2.24-2.38 A. A few sediment samples do display
spectra (Type OS) with a distinctly higher oxidation state
(estimated at 5.540.1) and the presence of both Mo-O
and Mo-S ligands. These Type OS spectra compare well
with previous data for black shales, suggesting that they
share the same formation history (discussed further below).

Our oxidation experiments confirm that Mo is reduced
in the (Type S) euxinic sediments and that the few sediment
samples showing higher oxidation states (Type OS) experi-
enced oxidation and related oxygen substitution either dur-
ing or after deposition. Mo oxidation occurred in Type S
samples left to dry at 70 °C in an O,-rich atmosphere for
~12h. In contrast, oxidized Type OS Mo compound(s)
were not further oxidized by this treatment. Specifically,
after combustion in air, there was no further increase in oxi-
dation state. This relationship is best explained if Mo was
already present in its fully oxidized +6 state. This interpre-
tation implies that our estimate for average oxidation state,
5.5+ 0.1, is systematically underestimated by up to 0.5
units. We propose that this discrepancy is best explained
by mismatching of the Mo-O compounds to reference
materials (here MoY'0,%>7) with different coordination
geometry or oxidation state of the ligand, which may
slightly offset K-edge position (e.g., 1eV). Similarly, the
oxidation state estimate for Mo—S compounds depends on
how well the structure and oxidation state of the ligands
in MoS, are representative of the Mo coordination geome-
try in our samples. With this uncertainty in mind, it is pos-
sible that all Mo in Type S compounds is in the 4+ state. In
the absence of any Mo(V)-S reference compound in our

database, it is impossible to quantify the proportion of
Mo(V) in our samples. Nevertheless, we can conclude that
our Type S samples contain predominantly Mo(IV)-S com-
pounds and that these compounds oxidize to Mo(VI)-O
phases upon exposure to air.

4.2. Desiccation and air sensitivity of the euxinic Mo(IV)-S
compounds

The air-sensitivity of the Mo-S compounds in Lake
Cadagno is a distinguishing characteristic of the natural
euxinic Mo compound(s). Type OS spectra resemble oxi-
dized Mo with both oxygen and sulfur ligands that can
be explained if first deposited as Type S compounds
(Mo(IV)-S) and then oxidized upon exposure to air. This
interpretation is substantiated by linear combination analy-
ses performed in both the XANES and EXAFS regions,
where Type OS spectra match a partially oxidized Type S
spectrum with ~60% of the Mo in the form of the air-oxi-
dized Type S sample (Y) and ~40% in the form of the ori-
ginal anoxic Type S (Table 6). Further, both Type S and
Type OS samples react to form compounds with identical
XAFS spectra upon further oxidation and drying (CDP6-
Y match CDP9-Y) and oxidation and combustion
(CDP6-Z match CDP9-Z).

Oxidation most likely occurred during analysis at the
beamline or during formation in the lake (~700-3500 cal yr
BP) and not during sampling or handling where great care
was taken to avoid exposure to O,. If oxidation in Type OS
samples took place in the lab, it would likely have occurred
during the ~3 h of analysis at the beamline when the mud
was protected from ambient air only with a layer of Lexan
and Kapton tape. In any case, we conclude that Mo(IV)-S
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Table 7

Comparison of bonding environments in natural and laboratory experiments for simple best fit EXAFS models.

Cadagno Cadagno Type OS Cadagno Y Black MoS4>~-FeS, Mo-Fe-S cubane in MoS;
Type S (partly oxidized) 70 °C + oxidized Shales adsorbate Cpl!
Mo-O None 1.69-1.74 1.74-1.78 1.69-1.71  1.76-1.78 None None
Mo-S 2.24-2.38 2.29-2.36 2.37-2.38 2.31-2.38  2.39-2.41 2.35+0.03 (3-4) 2.43
2.49 +0.03 (1-2)
Mo-Fe 2.71-2.73 2.73-2.77 2.90-2.96 2.60-2.64 2.68-2.72 2.72 £0.05 (1) None
Mo oxid. 43+0.5 55+0.5 5.5+0.5 4-6 ? 4 4
state
Reference  (2) (2) 2) (3) (4) (5) (6)

! Cpl = molybdenum—iron (MoFe) protein of Clostridium pasteurianum contains two Mo atoms.

2 This work.

3 Helz et al. (1996).

4 Bostick et al. (2003).

5 Cramer et al. (1978) and Venters et al. (1986).
© Hibble et al. (1995).

compounds in euxinic Cadagno sediments are sensitive to
O, and that Mo-S bonds may be broken within hours of
drying and air exposure.

The oxidized Mo compounds compare well to black
shales previously described by (Helz et al., 1996) (Table 7),
suggesting that their samples also suffered from oxidation.
Due to the extreme Mo enrichments (>100 ppm) in the
samples of Helz et al., they must have been deposited in
an (at least) intermittently sulfidic basin where the euxinic
Mo burial pathway produced strong Mo enrichment
(Lyons et al., 2009; Scott and Lyons, 2012). Therefore oxi-
dation could have occurred during deposition in association
with intermittent O, intrusions, perhaps via fluctuations in
the position of the chemocline (discussed further below).
Alternatively, oxidation was a post-depositional phenome-
non, it could have occurred during oxic weathering in out-
crop or after sample collection, during preparation or at the
beamline during analysis.

4.3. Mo speciation in euxinic sediments

The Mo speciation in euxinic sediments has long been
debated. Our data confirm previous interpretations based
on several lines of evidence that molybdenite is not the
dominant phase (Bostick et al., 2003), hence molybdenite
precipitation in euxinic waters and during low-temperature
diagenesis can be excluded. The distinct characteristics of
our samples include their air sensitivity, Mo-S bond length,
and coordination number, all of which point to a predom-
inance of Mo(IV)-S compounds distinct from amorphous
or crystalline MoS, minerals. For example, Mo-S bond
lengths, at 2.24-2.38 A, are shgrter than those in crystalline
molybdenite at 2.41 +0.01 A. Amorphous molybdenite
would have similar or even longer bond lengths compared
to the crystalline forms. Also, our best-fit coordination
numbers yield four sulfur ligands (R-factors = 0.03-0.24),
in contrast to the six sulfur ligands in molybdenite (R-fac-
tors > 0.80 or requiring physically unrealistic parameter
values). Further, molybdenite forms impure MoQO3; when
roasted in the presence of O,. In fact, such roasting is the
first step in the MoS, refining process (Stiefel, 2000). Our

combusted sediments display XANES spectra clearly dis-
tinct from MoOj; (Fig. 5), with more pronounced pre-edges
(Fig. 6). Indeed, the short Mo—O bonds at 1.69-1.74 A are
consistent with terminal Mo=O bonds (typically 1.66—
1.76 ;\) and not the broad range of Mo-O bond lengths
known for MoO3 (from 1.67 to 2.33 A) (Fig. 7, Table S1).
Finally, our linear combination fitting shows that molybde-
nite is not a major Mo component in the anoxic samples.
The interatomic distances in Type OS samples are simi-
lar to experimental products formed when tetrathiomolyb-
date is scavenged by pyrite (Table 7; Bostick et al., 2003).
Bostick et al. analyzed their samples after air exposure of
<24 h, suggesting that Mo oxidation with O, at the beam-
line was a factor, as we infer from our oxidation experi-
ments. Our samples contained variable amounts of
reducing agents other than Mo (e.g., Fe>™ and $*7), and
this may have provided some O, buffering capacity and
thus protection against oxidation in Type S samples. Hence,
if we accept that Mo oxidation took place in both our Type
OS samples and the materials analyzed by Bostick et al.,
then our spectral data from euxinic Lake Cadagno do not
rule out the possibility that Mo is scavenged with pyrite,
but the environmental context does. Specifically, the
Mo(IV)-S compounds in SCI-X formed at or above the
sediment-water interface where pyrite is absent and only
amorphous FeS precipitates (Dahl et al., 2010a). Mo release
and re-adsorption onto pyrite has been suggested to occur
at 10-15 cm depth in the sediments (Dahl et al., 2010a),
but our spectral data are too sparse to support firm conclu-
sions about any possible molecular transformations during
this process. In any case, the main removal mechanism(s)
for dissolved Mo in the water column and at the sedi-
ment-water interface would take place via amorphous FeS
or mackinawite and/or organic matter and not with pyrite.
Laboratory experiments have confirmed that thiomolyb-
date is removed onto freshly precipitated FeS phases (Helz
et al., 2004). Furthermore, Helz et al. (2011) posited, based
on Mo-FeS relationships in natural sulfidic settings that
thiomolybdate and FeS reach saturation levels and co-pre-
cipitate as a hypothesized FesMo3S;, phase. There are cur-
rently no XAFS spectra from Mo-FeS precipitation
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experiments to compare to the Mo-sulfide compounds
found in Lake Cadagno.

The exact molecular structure(s) of Mo—S compounds in
the euxinic sediments of Lake Cadagno remains elusive be-
cause no available reference materials match our spectra.
However, a qualitative guess can be made from the Mo
bonding environment obtained in our study. The inter-
atomic Mo-S and Mo-Fe distances compare well with
the MoFe proteins Avl and Cpl in nitrogen-fixing bacteria
A. vinelandii and C. pasteurianum, respectively (Fig. 7) (Cra-
mer et al., 1978; Chen et al., 1993). These MoFe proteins
are extremely sensitive to O, (Cramer et al., 1978); the en-
zyme is non-functional after 1 minute of atmospheric expo-
sure (Shah and Brill, 1977). Yet, it is not known if oxidation
of the MoFe cofactor is causing this malfunction. In this
protein, Mo resides in one corner of a cuboidatl structure
with three to four sulfur ligands at 2.35 +0.03 A, 1-2 S li-
gands at 2.49 +0.03 A, and 2-3 Fe atoms at 2.72 + 0.03 A
(Cramer et al., 1978). When active, Mo resides in its +4 oxi-
dation state in the enzyme (Venters et al., 1986), and there
are no Mo-O ligands. Because these similarities with our
observations in Lake Cadagno are significant, EXAFS
spectra of the Type S samples were compared to theoretical
EXAFS model spectra for the proteins based on the fixed
bond lengths and the number of ligands as given above.
The nitrogenase Mo-S—Fe configuration gave acceptable
Debye Waller factors, global amplitude terms, and zero-
point energies for type S spectra with excellent goodness
of fit (Rg-factors = 0.04-0.09, Table S3). In fact, fits were
better than those obtained for our reference materials.
Hence, we conclude that the Mo phase(s) in our natural
euxinic sediments is, based on this XAFS analysis, indistin-
guishable from the Mo-Fe-S cubane found in nitrogenase
enzymes and generally more similar to this compound than
to MoS,. That said, the observed Mo compounds do not
derive from nitrogenase produced by diazotrophs in the
lake. The Mo/C ratio in diazotrophs (<0.5 x 107 by
atoms, Tuit et al., 2004) is significantly lower than in the
euxinic sediments (>1 x 10~* Dahl et al., 2010a). Hence,
the majority of Mo in our samples are derived from another
enrichment process.

4.4. Chemical burial pathway from water to sediments

A mechanism for the reduction step as part of the Mo
burial pathway from sulfidic waters to the sediments has
been proposed but is seldom discussed in the modern or pa-
leo-environmental literature (Vorlicek et al., 2004). In this
scheme, Mo reduction takes place following the formation
of thiomolybdate via reactions with zero-valent sulfur.
Where H»S,q levels exceed 11 pM molybdate is no longer
stable and reacts to form tetra-thiomolybdate ([H>S.q] = -
KO[IM = 11 uM; Erickson and Helz, 2000). These sulfida-
tion reactions are partly interrupted when tri-
thiomolybdate starts to form, because Sg attacks MoOS;>~
to form polysulfide rings (a process that surprisingly was
not observed on MoS,>~; Vorlicek et al., 2004). The re-
duced S ligands re-arrange and cause Mo reduction with
concomitant oxidation of S to form Mo(IV)X(S4)S*~ or
perhaps Mo(V)2X2$5+,,27 dimers, where n is an integer,

and X is either O or S. These reduced Mo-S species were
rapidly scavenged on pyrite in controlled laboratory exper-
iments — whereas tetrathiomolybdate itself was not effi-
ciently scavenged (Vorlicek et al., 2004). In a previous
study (Bostick et al., 2003), XAFS spectra were obtained
for these same experimental products, and an analog com-
pound structure similar to Mo—Fe-S cubane in the FeMo
cofactor in nitrogenase was inferred (Cramer et al., 1978).
Our new data strengthen this view and highlight the likeli-
hood that Mo-O ligands in Bostick et al.’s compounds
formed as a result of exposure to air.

Therefore, laboratory and field-based studies are now
beginning to converge on at least one of the plausible, con-
sistent chemical reaction pathways for Mo burial in euxinic
sediments. In this view, Mo is transported in oxic waters as
soluble MoO,>~. When molybdate enters sulfidic waters
with >11 uM H,S (Erickson and Helz, 2000; Zheng et al.,
2000), the Mo=0 double bonds break in a series of sulfida-
tion reactions to form Mo=S in thiomolybdates, M0oO4_ .
S.2~, which would eventually generate MoS4>~ (Erickson
and Helz, 2000). Zero-valent sulfur present in natural sulfi-
dic waters (Zopfi et al., 2001; Wang and Tessier, 2009)
breaks the sulfur double bonds in MoOS;*~ (but appar-
ently not in MoS4>") to produce a polysulfide ring that in-
duces a ligand-promoted reduction and the formation of
highly reactive Mo(IV)X(S4)S*~ (Vorlicek et al., 2004).
These Mo(IV)-polysulfide compounds are readily scav-
enged with amorphous FeS and could form the Mo-Fe-S
cubanes that we infer are deposited at the sediment-water
interface. This set of reactions seems sufficient to explain
the conversion from unreactive Mo to highly reactive
Mo-sulfide phases and thus could contribute to, if not
dominate, the strong Mo enrichments in at least some euxi-
nic sediments. We note, however, that the post-Mo-polysul-
fide reactions and, specifically, the role of organic matter
are still left unexplained.

Mo correlates to total organic carbon content in the drill
core (Wirth et al., 2012). However, the linkage between Mo
and organic C is not directly observed in this study because
data quality limited our ability to study the coordination
environment beyond the second or third shell of atoms
from Mo. Hence, there would be no spectral differences
whether or not the Mo—Fe-S cubanes were hosted in an or-
ganic matrix. The oxidation and combustion treatment at
700 °C shows evidence that an endothermic reaction is
breaking the bridging Mo-O ligands to form new Mo=0
bonds. We can speculate that this occurs as the organic ma-
trix to which Mo is linked via S and Fe is decomposed.

4.5. Geochemical implications for the Mo-based paleo-
proxies

The reduced Mo—S compounds are preserved both at the
sediment-water interface and at 8-9 m depth, and there are
no systematic differences in oxidation state with depth,
which argues against a diagenetic origin for these phases
(Fig. 8). All samples contain strong enrichments (19—
197 ppm) relative to catchment rocks, suggesting authigenic
Mo delivery to the sediments via a sulfidic Mo removal
pathway. Some Type OS samples show muted enrichments
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Fig. 8. Depth profile showing our estimated average Mo oxidation
state in sediments from Lake Cadagno drill core. Errors estimates
are described in the text and in caption of Table 4. Sedimentolog-
ical descriptions are summarized in Table 2 and in the Supple-
mentary information (after Wirth et al. 2012).

(19-38 ppm), while others are highly enriched (120—
190 ppm), which is consistent with the sedimentological evi-
dence for mass movement in one case (CDP20), if delivered
from the Mo-poor oxic zone. However, this cannot explain
the other three Type OS samples. The simplest explanation
is that Mo(IV)-S compounds (Type S) have formed contin-
uously in Lake Cadagno via the same chemical reaction
pathway over the last ~9800 years. Oxidized Mo-O -S
(Type OS) compounds were found at intermediate depths
in the core and might reflect post-depositional oxidation
during XAFS analysis or a more oxidative chemical burial
pathway during this period of deposition. Consequently,
the Mo-S phase (Type S) is stable, when protected from
oxygen exposure, during later diagenesis even after H,S
has reacted out of the pore fluids (Dahl et al., 2010a).
Seasonal hypoxia is known to occur in many coastal re-
gions worldwide (Diaz and Rosenberg, 2008). During these
anoxic events, hydrogen sulfide (and elemental sulfur) can
be present in the hypolimnion and promote thiomolybdate
formation (with H,S), thiomolybdate reduction (with Sg),
and precipitation of Mo—Fe-S phases (with FeS and likely
organic matter). Yet, we emphasize that the role of hydro-
gen sulfide is critical. H,S,q is a necessary prerequisite
whereas higher zero-valent sulfur concentrations only en-
hance the relative proportion of (highly particle reactive)
Mo(IV)-sulfide species vs. (less reactive or unreactive) thio-
molybdate species. We speculate that the O,-sensitivity of
the Mo-Fe-S compounds in Cadagno sediments affects
the solubility of the Mo compounds. This could potentially
cause oxidative dissolution of Mo at the sediment surface.
Modern intermittently euxinic/anoxic sediments off the

coast of Namibia and Peru (Weeks et al., 2004; Lavik
et al., 2009) display strong Mo enrichments (~60 ppm;
Brongersma-Sanders et al., 1980; Boning et al., 2004), but
generally lower than in permanently euxinic sediments
(Scott and Lyons, 2012). Oxidative dissolution may also oc-
cur in the Mo-poor sediments of the seasonally anoxic
Chesapeake Bay sediments where concentrations remain
around crustal levels, only ~1 ppm (Scheiderich et al.,
2010).

Unraveling the role of a zero-valent sulfur donor (e.g.,
Sg) during Mo accumulation in euxinic settings may im-
prove our ability to infer past seawater Mo concentrations
from the sedimentary record. Currently, Mo/TOC ratios in
modern euxinic environments are used as a proxy for the
Mo abundance in the overlying water column (Algeo and
Lyons, 2006), and these estimates can provide key informa-
tion about the global oxygenation state of the ocean in the
past (Scott et al., 2008; Dahl et al., 2011). However, as we
show here, other controls are also important. For example,
Mo/TOC in Black Sea sediments is threefold higher
(15 ppm/wt%) at 400 m depth immediately below the
11 pM H,S,4 threshold compared to the deepest part of
the basin (5 ppm/wt%) (Brumsack, 1989; Crusius et al.,
1996; Nagler et al., 2005; Neubert et al., 2008). Although
data are not available from 400 m depth, zero-valent sulfur
data from the Black Sea water column shows a peak near
the O,/H,S chemocline at ~100 m depth and is expected
to be more readily available in the upper reaches of the
euxinic water column in general (Jorgensen et al., 1991).
The lower Mo/TOC and slower Mo accumulation rate at
greater depths compared to immediate depths may point
to the importance of zero-valent sulfur during Mo uptake
in the Black Sea. Also, we speculate that oxygen intrusions
into the deep part of some basins — e.g., the Cariaco basin
(Scranton et al., 2001), or considerable fluctuations of the
chemocline in less stably stratified basins (e.g., 150-238 m
in Saanich Inlet) — would cause partial oxidation of dis-
solved sulfide, yielding zero-valent S. The zero-valent S then
reacts with thiomolybdate to form highly reactive Mo-poly-
sulfides that readily adsorb onto settling particles. This
could mean that Mo accumulation rate is higher in interme-
diately sulfidic settings (where Sg is available) relative to
more sulfidic settings where Sg is scarce.

Strong Mo enrichments of more than ~25 ppm in or-
ganic-rich sediments, often much greater, are indicative of
euxinic deposition (Lyons et al., 2009; Scott and Lyons,
2012), and values at the lower end of this spectrum and
even lower are expected at times when euxinic oceans were
greatly expanded and exhausted the seawater Mo inventory
(Anbar et al., 2007; Scott et al., 2008; Dahl et al., 2011).
Thus, Mo inventory — local and global — is an important
control on Mo enrichment. However, the Mo proxy is par-
ticularly sensitive to how well we understand the enrich-
ment processes, including controls in addition to dissolved
Mo concentration and the presence and amount of dis-
solved sulfide. These factors include the roles of organic
and FeS phases and the relationships to sulfide oxidation
that we propose here. Collectively, these various factors
add up to yield pronounced Mo enrichments in modern
euxinic environments (Lyons et al., 2009), but it will be
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important to consider how all these factors line up through
geologic time in various supporting and offsetting ways.
For example, Mo enrichments are significantly lower (e.g.,
3-25 ppm) in euxinic sediments formed in the Precambrian
oceans (Scott et al., 2008; Dahl et al., 2010b) compared to
those observed today. Beyond lower Mo availability in
the ocean, sulfate levels were also much lower (Shen
et al., 2002; Johnston et al., 2010), which could have im-
pacted the availability of H,S and intermediate S forms that
facilitate Mo uptake (Erickson and Helz, 2000; Vorlicek
et al., 2004). Also, less O, in the ocean might have resulted
in less S oxidation in the ocean.

In summary, we have documented a reduction step in-
volved in the Mo removal process following the formation
of thiomolybdate and refer to laboratory experiments
showing that zero-valent sulfur is one key factor in reducing
thiomolybdate and producing highly reactive Mo(IV)-S
phases (Vorlicek et al., 2004), which are readily scavenged
from the sulfidic water column or at the euxinic sediment-
water interface. Importantly, Mo reduction occurs with
thiomolybdates (MoOS;>~, and perhaps Mo00,S,>7) and
is favored by H»S, concentrations >11 uM, because this le-
vel of sulfide is required to sustain the sulfidation reaction
of molybdate and produce softer Mo=S ligands susceptible
to reduction (Erickson and Helz, 2000). Hence, this mech-
anism is not expected to operate in permanently low sulfide
sediments with O, in the overlying water but may well oc-
cur in highly sulfidic sediments even with O, in the overly-
ing water column.

5. CONCLUSIONS
The main conclusions of this study are as follows:

1. Mo is reduced in a naturally euxinic environment and
predominantly forms Mo(IV)-S compound(s), distinct
from molybdenite, implying that the post-thiomolybdate
steps of the Mo burial pathway involves a reduction step
in euxinic Lake Cadagno. This is in agreement with
observations made in ancient shales (Helz et al., 1996).

2. XAFS evidence for the same molecular structures were
found in core samples in both recent and ~9800 years
old sediments, suggesting little post-deposition chemical
transformation, such as diagenetic molybdenite forma-
tion. Hence, bulk Mo isotope compositions in euxinic
sediments should preserve a signature of water column
processes.

3. Upon air exposure, the predominant Mo(IV)-S in mod-
ern sediments form Mo(VI)-O, and the oxidized com-
pounds are comparable to ancient black shales
previously described by Helz et al. (1996), suggesting
that the ancient samples may have experienced oxida-
tion, either in nature, during lab storage, or over the
course of that research. Hence, the potential artifacts
introduced by this oxidation process must be considered
in future studies of Mo enrichment mechanisms.

4. The derived molecular structure of the pristine Mo(IV)—
S (Type S) compounds does not match any of our iso-
lated reference compounds, but the immediate coordina-
tion environment, Mo oxidation state, and its oxygen

sensitivity are features shared with the Mo—Fe-S cubane
found in Mo-nitrogenase enzyme (as an analog com-
pound, but nitrogenase is not the main carrier of Mo
in the sediments). A theoretical EXAFS model for
Mo-Fe-S cubane confirms this prediction with a good-
ness of fit (R-factor) better than those obtained for
known reference materials using our fitting procedure.

5. Zero-valent sulfur may play a crucial role in the Mo bur-
ial processes occurring within sulfidic settings and accel-
erate the Mo accumulation rate in euxinic basins where
oxygen intrudes at depth, like in Cariaco Basin. This
new insight should have consequences for effective and
refined use of Mo as a paleo-redox proxies; i.e., includ-
ing its isotopes.

6. XAFS measurements of geological samples can provide
key information on the coordination chemistry of ele-
ments used as paleoproxies and constrain their redox
states in the depositional environment.
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